Background. The mechanisms whereby reperfusion of a 20-minute coronary occlusion result in global functional recovery despite persistent regional dysfunction were studied in 11 open-chest reflex-blocked dogs.
Mechanism of Global
Conclusions. These data suggest a mechanism to account for greater functional benefits of reperfusion beyond that anticipated from regional wall motion analysis. (Circulation 1992;85:816-827) C linical evaluations of reperfusion therapy for acute coronary occlusion usually use ejection fraction as the primary measure of ventricular function and treatment efficacy.1-3 In contrast, experimental animal studies often rely on precise regional wall motion measurements. Regional and global chamber dysfunction correlate during acute severe ischemia4,5; however, the extent to which this remains the case after reperfusion is less clear. For example, despite sustained reduced regional thickening or shortening after reperfusion (stunning), systolic pressure and maximal rate of pressure rise (dP/dtmax) are typically normal.6-8 In a recent experimental study, reperfusion was also found to normalize ejection fraction despite persistent severe regional dysfunction. 9 Several mechanisms have been proposed to explain such disparities between regional and global function after reperfusion. These include remote region hyperfunction, reflex sympathetic stimulation, changes in chamber loading,9 and altered passive properties of the reperfused myocardium.10 A limitation of prior studies, however, is the lack of simultaneous load-independent measures of both chamber and regional function. Thus, the importance of each mechanism remains undefined.
Based on previous studies of pressure-volume relations during regional ischemia,'1112 we hypothe-sized that reperfusion might restore global systolic function independent of return of regional thickening by effectively stiffening the previously ischemic region (both passively and by partial activation) and thereby minimize regional thinning. The chest was opened via a lateral thoracotomy and the heart was suspended in a pericardial cradle. The left anterior descending coronary artery (LAD) was dissected free and a silk thread was placed loosely around the LAD distal to its first major branch. Two pairs of miniature flat piezoelectric crystals were placed at two sites: the anterior wall, centered in the angle formed by the LAD and its second diagonal branch, and the mid lateral wall, between the first and second marginal branches of the left circumflex coronary artery (LCx). The small (1 mm) crystal of each pair was advanced tangentially to the endocardial surface and the other (3 mm) crystal was placed epicardially and aligned so that the distance between the crystals was minimized. Wall thickness was measured by a pulse transit sonomicrometer (Triton, San Diego, Calif.). Pacing wires were sutured to the left atrium and the heart returned to its normal resting position with the pericardium loosely approximated.
Data were obtained during atrial pacing using a cycle length that was at least 50 msec shorter than the native sinus rate, which produced 100% atrial pacing capture (average rate, 112+15 beats per minute). Continuous recordings of electrocardiogram, left ventricular pressure, aortic blood pressure, left ventricular volume, and LAD and LCx thicknesses were monitored on an eight-channel chart recorder. Pressure-volume and pressure-thickness loops were monitored on continuous x-y display and simultaneously digitized at 200 Hz with custom software on a 16-bit microcomputer system. Data were stored on removable hard disks for subsequent analysis.
Experimental Protocol
Animals were pretreated with intravenous heparin (2,000-3,000 IU) and lidocaine (20-30 mg Instead, Ves and T,. were compared at a common Pes chosen at the highest value common to the relations being compared (AVes and ATes, respectively).
End-diastolicpressure-thickness relations. End-diastolic thickness was determined at the rapid pressure upstroke (point at which dP/dt first exceeded 10% of dP/dt,,.). This identifies points at the lower right hand corner of pressure-volume loops (lower left of pressure-thickness loops). Data from multiple cardiac cycles during inferior vena cava balloon occlusion (IVCBO) were combined to generate the end-diastolic pressure-thickness relation (EDPTR). Shifts in EDPVRs (ATed) were quantified by comparing Ted at a pressure common to the relations from each experimental period. (control, ischemia, and reperfusion).
Regional thickening. Percent thickening (%Th= (Tes-Ted)/Ted) * 100) with Tes and Ted determined at chamber end-systolic and end-diastolic time points, was calculated at steady state. In addition, the relation between absolute change in thickness (ATh) and preload (EDP) was determined during IVCBO. This is analogous to the Frank-Starling relation for the whole heart. Volume signal calibration. The conductance catheter volume signal was calibrated by the hypertonic saline technique described previously.15,16 Analysis of the volume signal after injection of a small volume (1-2 ml) of concentrated saline enabled calculation of a signal offset caused by conductivity of the ventricular wall and surrounding structures. At least four separate offset estimates were made, and results were averaged. Repeat estimates were obtained throughout the experiment and adjustments made when necessary. We have previously reported that this offset is insignificantly altered by acute regional ischemia.'2 The gain of the volume signal was assumed to be 1.0.
Statistical Analysis
Data are presented as a mean±+SD. Differences between interventions were tested by repeated measures ANOVA. Paired t tests were used to compare individual means by using the Bonferroni correction for multiple comparisons. Analysis of relations between systolic thickening (or thinning) and enddiastolic pressure used a multiple regression model'7 combining all animal data from the three experimental periods into a single linear model. This model includes dummy variables to account for individual animal variation about the mean and is analogous to an analysis of covariance.
Results
Mean hemodynamic data during the three experimental periods are provided in Table 1 . End-diastolic pressure and volume and end-systolic volume all increased during ischemia (by 3.9± 1.8 mm Hg, 8.2±3.8 ml, and 7.3+4.1 ml, respectively;p<0.01) but returned to control after reperfusion. End-systolic pressure and dP/dtma were unchanged during ischemia.
As anticipated, coronary occlusion produced marked abnormalities of regional thickening in the ischemic zone that persisted after reperfusion. The changes in regional thickening during experimental periods are provided in Table 1 . Percent wall thickening in the LAD region fell from +22.6±8.1% to -7.3±6.3% (p<0.01) during occlusion, displaying systolic bulging. On average, reperfusion eliminated paradoxic wall motion but did not restore significant positive thickening (mean, +4.1±7.4%; 95% confidence interval includes 0% thickening). Global Pressure-Volume Responses Despite marked sustained reductions in regional thickening after reperfusion, global chamber function fully recovered. Figure 1 displays an example of pressure-volume loops and relations during the three experimental periods. Coronary occlusion shifted the ESPVR rightward without changing slope, and reperfusion returned it back to its original position with a slight slope increase.
Group ESPVR responses were indexed by the shift in end-systolic volume measured at a common endsystolic pressure within the data range (AVes) and by the slope (Ees) ( Table 2) . After approximately 20 minutes of ischemia, Ves was increased by +8.4±5.2 ml, (p<0.0001) from a control of 16.1+6.8 ml, whereas Ees remained unchanged. Reperfusion fully reversed the ESPVR shift (AVes=-10.2±6.0 ml), bringing the position back to control (p=0.54 versus control). Ees rose slightly with reperfusion compared with ischemia (+2.0±1.7 mm Hg/ml, p<0.01), but this was not significantly different from baseline. Evidence for recovered global function was further supported by ejection fraction and dP/dtm.,, normal- Figure 2 . Even for hearts in which reperfusion partially restored systolic thickening, the contraction pattern Figure 3 . These data are taken from the same hearts shown in Figure 2 . Figure  5 ) demonstrated analogous leftward shifts during ischemia as well as rightward return shifts after reperfusion (see Table 3 ). There were no significant changes in the remote region EDPTR during ischemia or subsequent reperfusion.
Thickening-Preload Relations
The combined effect of the ESPTR and EDPTR shifts after reperfusion was to eliminate passive thinning of the ischemic zone over a loading range. This could be quantified by relating thickening (ATh) to end-diastolic pressure (EDP). Figure 6A displays an example of this relation in the LAD territory for the three experimental periods, and Figure 6B shows mean regressions for the group data. ATh was directly related to EDP at baseline, a manifestation of the Frank-Starling mechanism. With coronary occlusion, the ischemic region exhibited pansystolic bulging (-ATh), and the ATh-EDP relation shifted versus time for ischemic region in the same two hearts whose pressure-thickness loop data is displayed in Figure 2 . Control (CON), ischemia (ISC), and reperfusion (REP) data for a beat at resting (high preload) and reduced (low preload) volumes are shown. (Table 4) .
Discussion
This study demonstrates that reperfusion after 20 minutes of severe regional ischemia can restore global chamber function to normal without requiring full recovery of regional systolic thickening. Accompanying global recovery were rightward shifts of the previously ischemic region's end-systolic and end-diastolic pressure-thickness relations, leading to resolution of paradoxic systolic thinning. These results are most consistent with a mechanism of reduced distensibility of the reperfused wall at high (systolic) pressures (upper panels, Figure 2 ), or partial active recovery with reduced distensibility (middle panel, Figure 2 ).
Regional-Global Dissociation of Function
The principal intriguing observation of this study was that global function could recover following reperfusion despite little to no restoration of regional systolic thickening. A similar disparity was previously reported by Verami et a19 who found that 15 minutes of reflow after coronary occlusion (27% ischemia by mass) normalized ejection fraction and peak diastolic filling rate despite only partial recovery of regional percent wall thickening. The authors hypothesized that the restored global function resulted from 1) alterations in circulating levels of catecholamines or reflex activation, 2) hyperfunction of nonischemic myocardium, and 3) preload or afterload changes influencing ejection fraction.
The present study argues against each of these mechanisms. Animals were studied after reflex blockade (hexamethonium and vagotomy), and global recovery despite persistent regional dysfunction was still observed. Although hyperfunction during regional ischemia,19 remote region %Th during ischemia or reperfusion periods did not significantly change in the present data. Our results were further supported by the lack of remote region ESPTR and EDPTR change, relations with less load dependence than %Th. Last, whereas ischemia and reperfusion altered end-diastolic volume by as much as 31%, the pressure-volume analysis used in the present study provided evidence of altered systolic function independent of loading.
Another possible explanation for the disparity is an overly small ischemic (and thus, stunned) region. However, ejection fraction fell by 24%, and there was a significant shift in the ESPVR during ischemia. The severity of postreperfusion regional dysfunction was similar to that of many prior investigations.912,20-22 Furthermore, prior studies in our laboratory under nearly identical conditions12 as well as data from other studies9 have shown that mid-LAD occlusion typically renders 20% of LV mass ischemic. This would not be considered clinically irrelevant. Although it is likely that reperfusion of a much larger ischemic territory would likely leave global function reduced, the present data still represent important and relevant dysfunction.
One mechanism that is supported by our data is reperfusion-induced stiffening of the previously ischemic territory. Experimental distensible aneurysms are known to limit chamber pump performance more than stiff patches. 23 The greater the extent of systolic bulging of an artificial aneurysm, the greater the decrement of chamber systolic function. Akaishi et all8 demonstrated that increasing preload volume during ischemia reduces systolic bulging. Lew et al9 reported that remote regional shortening (which can parallel ischemic zone bulging) is reduced by increasing preload, improving chamber function. The concept is that by operating on a steeper portion of the regional wall stress-strain curve, increased preload limits regional paradoxic wall motion and improves global performance.
Reperfusion in the present study had analogous effects: There was some persistent isovolumic phase ischemia, and in the ranges obtained in the present study, there was minimal slope change. Global Model of Ischemia-Reperfusion A simple model that has been shown to describe the ESPVR response to acute ischemia in isolated11 and in vivo12 hearts can also predict effects of ischemic region stiffening on left ventricular function. The model assumes that the ischemic region behaves passively as defined by a proportionately scaled resting chamber diastolic pressure-volume relation, and the remote region maintains the control ESPVR behavior. The two are then coupled in parallel, yielding a net chamber relation. This model yields a 10-12 ml rightward ESPVR shift with little slope change for 20% ischemia (Figure 7 ) similar to that observed in the present study. By altering the passive compliance properties of the ischemic zone (increasing the stiffness coefficient), the model also predicts a near full recovery of the ESPVR (right panel) without necessarily inducing much change in chamber diastolic compliance. This admittedly is a marked simplification, and there is no straightforward way to relate model parameters to measured pressurethickness data. However, the model serves to illustrate that regional stiffening alone can substantially improve global pressure-volume performance.
Experimental Limitations
Several limitations should be considered. Our analysis of regional wall property changes were necessarily indirect, as there is no current way to directly determine in vivo regional stiffness. While several mathematical models have been proposed to estimate stress, they are largely based on simplified axisymmetric geometries using midequatorial calculations. 30 deformation in the normal and ischemic zones can differ widely. Rather than resort to such models, we preferred to leave the data in their directly measured form. However, a possibility remained that abnormal regional end-systolic stresses contributed to reduced thickening after reperfusion.
The full extent of reperfused but still dysfunctional myocardium (percent of LV mass) could not be determined. It is likely that there were gradations of dysfunction from the center of the postischemic area to the border zone. Whether or not the threedimensional extent of postreperfusion dysfunction is much smaller than that during ischemia is unknown. Potentially, studies using new three-dimensional imaging techniques such as gated nuclear magnetic resonance imaging could answer this question.
The 
Summary
Reperfusion after a period of intense ischemia can result in essentially normal chamber systolic performance despite severe persistent regional dysfunction. This disparity is not eliminated by reflex blockade, neither is it due to remote regional hyperfunction or loading alterations. Rather, increased systolic regional stiffening, likely the result of limited active recovery and intrinsic systolic myocardial stiffness, can best explain the return of chamber performance. Thus, in studies of the efficacy of myocardial reperfusion, caution must be exerted when using recovery of global function as an index of regional myocardial salvage.
